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The microorganisms that live in and on a host (the microbiome) influence host
phenotype, health, and behavior in plants and animals. However, the effects of the host and
environment on the composition of microbiome communities are unclear. This is especially true
in arid and semi-arid environments such as deserts that filter many microorganisms. This study
investigated variation in phyllosphere microbiotal bacterial assemblages of prickly pear cactus
(Opuntia) across differing spatial scales, ecoregions, and taxa throughout Texas at two
timepoints. I expected bacterial assemblages to differ significantly among Texas ecoregions and
among species. Results support significant influences on bacterial assemblage composition
including ecoregion, taxonomy, and potentially seasonal time of sampling. The dry season
timepoint yielded high microbial diversity and abundance across species and ecoregions, with
different species and ecoregions harboring unique microbial communities. The rainy season
timepoint yielded significantly lower levels of microbial diversity and abundance across species
and ecoregions.
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CHAPTER I
INTRODUCTION
Overview of the microbiome
Biologists have long recognized that multicellular organisms host a community of
bacteria, protists, yeasts, and fungi. These microorganisms on and within a host (collectively
called the microbiome) are of increasing interest as a result of emerging research showing the
influence of the microbiome on host health (Beattie & Lindow, 1995; Berendsen et al., 2012;
Coleman-Derr et al., 2016; P Vandenkoornhuyse et al., 2015; Vílchez et al., 2016) , phenotype
(Bringel & Couée, 2015; Compant et al., 2010; Panke-Buisse et al., 2015; P Vandenkoornhuyse
et al., 2015), and behavior (Bravo et al., 2011; Ezenwa et al., 2012; Rhee et al., 2009; Shropshire
& Bordenstein, 2016; Vuong et al., 2017). In both plants and animals, the number of
microorganisms has been shown to outnumber host cells by about three to one (Sender et al.,
2016). The genes of the microorganisms then outnumber the genes of the host organism as well,
and the combined genetics of the microbiome and the host are collectively called the holobiont
(Bordenstein & Theis, 2015; Philippe Vandenkoornhuyse et al., 2015).
To date, most microbiome research has been conducted on humans or agriculturally
significant plants and animals (Busby et al., 2017). Both agricultural- and human-microbiome
studies have supported that the microbiome plays a critical role in host health and phenotype
across many different phyla. Applications for these recent findings of microbiome importance in
host health have been quickly introduced as a result. Modern applications for microbiome
1

research include treating diseases such as irritable bowel syndrome (IBS) in humans (Neish,
2009; Sokol et al., 2008), preventing honeybee hive collapse (Cariveau et al., 2014; Engel et al.,
2016), increasing crop plant yield (Compant et al., 2010; Lugtenberg & Kamilova, 2009; M.E.
Puente et al., 1993) , and improving animal health (Looft et al., 2014). These are only a few
examples of the wide applications for microbiome-related research. Microbiome research has
changed the way humans interact with their own bodies, how agricultural products are produced,
and how humans evaluate ecosystem health.
Most research conducted on plant microbiomes has focused on the rhizosphere (the
below-ground communities associated with the plant roots) (Ruinen, 1961) . Rhizosphere
communities influence resistance to herbivores (Bardgett & Wardle, 2003) and pathogens
(Berendsen et al., 2012; van Loon & Bakker, 2006). In some plant organisms, individual
microbiomes have also been shown to play a role in abiotic stress tolerance (M. E. Puente et al.,
2004). Healthy rhizosphere microbiomes have the potential to increase plant productivity
(Berendsen et al., 2012; Busby et al., 2017; Compant et al., 2010; Lugtenberg & Kamilova,
2009), which makes rhizosphere research attractive for agricultural applications.
Much less is known about the structure and function of above-ground microbial
communities or assemblages (as defined in Fauth, 1996) found on the surface of plant tissues
(hereafter referred to as epiphytic). Although bacteria, archaea, and fungi are all present in the
phyllosphere, bacteria are numerically dominant with cell densities on the order of 106 to 107
cells per square centimeter of host tissue (Andrews & R.F. Harris, 2000; Beattie & Lindow,
1995; Susan S Hirano & Upper, 2000a; Lindow & Brandl, 2003). Bacteria within the
phyllosphere may be essential players in host health and fitness, however, to date, there is not
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much research on community composition within the phyllosphere. Whether or not a core
microbiome is present is also unclear in investigated plant taxa.
Knowledge of the structure and function of the microbiome of desert plants is particularly
lacking. The Cacteaceae family has had even fewer studies conducted on microbiome
composition, most of which focusing on the rhizosphere microbiome. Cacteaceae live in arid and
semi-arid environments which make up about 40% of the world’s land area (Kemp & Smith,
2007). These environments have been expanding because of the phenomena of desertification
and global climate change (Huang et al., 2015; United Nations Environment Management
Group, 2011) Within these arid ecosystems, host plants have evolved myriad strategies to reduce
water stress, including Crassulean Acid Metabolism (CAM) photosynthesis (Hartsock & Nobel,
1976; S. R. Szarek & Ting, 1975; Stan R. Szarek et al., 1973; Ting & Szarek, 1975). The ability
for microbial organisms to survive on the above-ground surfaces of desert plants depend on the
ability to survive under harsh environmental conditions. The desert provides stressors for plantsprimarily the lack of water and high temperatures which lead to desiccation and UV radiation
damage (Nobel, 2003). But little is known about the structure and function of the phyllosphere
microbiome of desert plants, or whether they positively or negatively contribute to plant stress
resistance.
The phenomena of desertification and global climate change have been expanding the
ranges of arid-dwelling taxa (such as prickly pear) and restricting the ranges of taxa that are not
adapted to desert environments (Huang et al., 2015; United Nations Environment Management
Group, 2011). Opuntia, also known as prickly pear cactus (Tribe Opuntioideae), have evolved a
myriad of adaptations to thrive in hot, arid conditions that are typically limiting to most plants.
The modified stems and leaves allow for water storage and prevent loss of water through
3

evaporation (Nisbet & Patten, 1974; Preston, 1901). The microbiome of desert plants could be
another tool for survival in arid conditions, though so far, this potential strategy has had little
investigation (Busby et al., 2017; Citlali et al., 2018; Coleman-Derr et al., 2016)
Plant microbiome ecology
The microbiome has the same basic needs as other organisms: appropriate biotic
conditions, abiotic conditions, and dispersal capabilities to persist within an environment.
The biotic conditions (host filtering) that partially dictate community composition are
complex, being a product of both strong selection for certain microorganisms on the part of the
host and variability among host traits between species (Adair & Douglas, 2017). To deter
phytopathogens, plants are capable of producing enzymes and volatile metabolites that eliminate
many microorganisms on the plant surface (Valueva & Mosolov, 2004). The microorganisms
that have evolved with the plant, then, are able to withstand the chemical defenses of the plant
and persist in the phyllosphere. Studies across many plant taxa are contradictory about whether
taxonomy or host-filtering is the primary influence on phyllosphere bacterial community
composition, however (Knief et al., 2010; Redford et al., 2010). Contradictions on the primary
influence of community composition may be because of distance-decay factors between
sampling sites, as well as the strength of selection by the host within species (Finkel et al., 2012).
It is also possible that some plant hosts have stronger microbial selection than others.
The abiotic conditions, in turn, affect the community composition of the microorganisms
by filtering out organisms that are unable to survive in unfavorable environmental conditions. It
has been well-established that healthy organisms must exist within a certain abiotic niche to
survive and remain healthy (Grinnell, 1917; Hutchinson, 1917). Microorganisms, just like their
host, require certain upper and lower ranges of conditions from their environment to survive as
4

well. Abiotic factors that do not support survival conditions impact microbiome community
health and function, leaving the host susceptible to disease by opportunistic pathenogenic
microorganisms. Microorganisms that have a non-pathenogenic relationship with the host may
also become opportunistically pathenogenic under different abiotic conditions that leave the host
vulnerable (Guerrero, 2013).
It should be noted that recent research has supported that plant microbiomes frequently
contain a “core,” set of microorganisms that are central to maintaining the integrity of the entire
microbiome (Ainsworth et al., 2015; Bulgarelli et al., 2013; Shade & Handelsman, 2012). Once
identified, these core microbes can be used as indicator species to determine the “health” of a
microbiome (health interpreted as a balance between the host plant and the associated
microbiome that maximizes plant health). Because the core is typically a large proportion of all
epiphytes within the microbiome, abiotic factors that favor these organisms are likely to be the
most important filtering factor determining the composition of the core (Shade & Handelsman,
2012).
Although the microbiome is critical to host health and fitness, there is still a gap in
understanding how the microbiome changes under different spatial and environmental conditions
in plants, and in CAM plants especially. Recent work by Fonseca-García et. al in 2016
investigated differences in the bacterial/archaeal and fungal diversity of two Opuntia species and
various compartments of the plant. This study, to my knowledge, has been the most
comprehensive investigation of arid and semi-arid dwelling plant microbiomes. The
phyllosphere of the two study species showed higher bacterial/archaeal diversity than even the
rhizosphere (belowground component). The rhizosphere was previously believed to have the
highest microbial diversity to promote growth and nutrient uptake. This suggests that other arid5

dwelling plants may have more diverse and variable phyllosphere microbiomes than previously
thought.
The amount of diversity within the phyllosphere was also surprising in the study given
the phyllosphere’s exposure to high temperatures, UV radiation, and desiccating conditions,
especially in arid environments. Harsh conditions could lead to more stringent environmental
filtering of organisms (Beattie & Lindow, 1995). However, high alpha diversity within the
phyllosphere may suggest high incidence of pioneer species because of wind dispersal
mechanisms (Fonseca-García, 2016). One other study has also focused on the microbial
communities of genus Agave within the Cacteaceae family and found similar results (ColemanDerr et al., 2016). The phyllosphere had more unique organizational taxonomic units (OTUs)
within sites than expected. Additionally, the diversity of prokaryotes in the phyllosphere was just
as high as the rhizosphere diversity despite environmental filtering factors. This was a similar
result to the microbial composition of Opuntia species (Coleman-Derr, 2015, Fonseca-García,
2016). The phyllosphere has shown to be more complex and diverse than previously believed,
even in plants native to environments with stringent filtering mechanisms.
Overview of Opuntia
Prickly pear cactus (genus Opuntia, Tribe Opuntioideae) is an extremely diverse group
with over 2,000 species occurring from Southwest Canada to Southern Argentina (Bravo Hollis
et al., 1995). Opuntia are a poorly resolved group due to the wide variety of morphological
variations and hybrids. However, Dr. Powell’s work from Sul Ross State University has
published a widely accepted guide on Opuntia species throughout Texas where this study was
conducted (Powell, 2004).
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Opuntioideae has 220-350 species native to the Western Hemisphere (Griffith & Porter,
2009), each with morphological distinctions to facilitate survival in harsh arid ecosystems.
Development of thick, succulent pads covered in a waxy cuticle are critical for prevention of
water loss in ecosystems with little water availability (Rebman & Pinkava, 2001). Differences in
pad size and shape, fruits, flowers, spines, glochids, and abiotic preferences are dramatic and
abundant within Opuntia. The morphological variations of the genus allow the species to survive
where competition is minimal because of resource constraints (Rebman & Pinkava, 2001)
(Figure 1.1).

Figure 1.1

Opuntia diversity within the dry season (March)

Distinct morphological variation between Opuntia species. Species shown are A. O. engelmannii
var. lindheimeri, B. O. macrocentra, C. O. azurea var. parva, D. O. rufida, and E. O. azurea var.
diplopurpurea. Species were keyed out according to Cacti of Texas: A Field Guide. Pictures by
Taylor Didesch.

Prickly pear is widespread, occurring throughout most of the southern United States,
Mexico, and South America. The subfamily is monophyletic and considered an outgroup within
the Cacteaceae family, which would make them genetically distinct from other genera and tribes
within Cacteaceae (Griffith & Porter, 2009). The diversity of species, adaptations to their
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environment, and ecoregions make prickly pear suitable candidates for studying the effects of
taxonomy and environment on the phyllosphere microbiome.
Prickly pear have specific physiological mechanisms to combat arid and semi-arid
environmental conditions, such as opening their stomata at night to prevent water loss. Plants
with this ability are Crassulacean acid metabolism (CAM) plants (Ting, 1975; Szarek, 1975).
CAM plants are particularly interesting because they open their stomata at night instead of
during the day (as C3 and C4 plants do). The stomata are an ideal bacterial colonization point on
the plant since it is directly involved with gas exchange and provides an entryway to the nutrientrich internal tissues of the plant (Melotto, 2017). The remainder of the phyllosphere may not be
as nutrient-dense as stomatal openings. Nocturnal stomatal opening instead of diurnal stomatal
opening could make microbe colonization and persistence more feasible since nighttime
conditions are not associated with high temperatures, desiccation stress, and high UV indices.
Microorganisms that live at or in the stomata would then have the added benefit of a reliable
food source as well as a less abiotically-stressful time to forage. CAM plant physiology and the
arid and semi-arid environment they are adapted to may create particularly interesting microbial
communities within the phyllosphere microbiome, most of which haven’t been studied yet
Overall, little sequencing data has been recorded on any desert plant microbiomes,
especially in the United States. The phyllosphere bacterial communities of Opuntia have even
less prior work conducted on epiphytic bacterial phyla. Previous microbial sequencing data has
primarily characterized rhizosphere assemblages and the core microbiome of Opuntia pilifera.
Data have shown assemblages on O. pilifera consisted of bacterial classes Actinobacteria,
Proteobacteria, and Acidobacteria (Aguirre-Garrido et al., 2012). In 2016, a more extensive
characterization of CAM plant microbiomes was conducted by Fonseca-Garcia et. al.
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Researchers examined spatial distributions of epiphytic assemblages on CAM plants (agave and
cacti) and non-CAM plants. The bacterial phyla Proteobacteria, Firmicutes, Actinobacteria,
Actinobacteria, and Bacteroidetes comprised 85% of the epiphytic communities within the
phyllosphere. The differences in bacterial endophyte assemblages depended on both plant
compartment (phyllosphere vs. rhizosphere) and species. The root-associated epiphytic
communities did not change spatially, but the phyllosphere bacterial assemblages depended on
both species and spatial distribution (Fonseca-García et al., 2016). This is the only study so far
that has analyzed the spatial and host-dependent differences in CAM plant epiphytic
assemblages. However that study had a limited spatial range, using study sites in California and
the Mexican states Guanajuato and Jalisco (Citlali, Desgarennes, Flores-Núñez, & PartidaMartínez, 2018; Fonseca-García et al., 2016).
Study Aims and Hypotheses
The study presented within this thesis aimed to describe the bacterial assemblages within
the phyllosphere microbiome of prickly pear (Opuntia) and how they change space and hosts.
Additionally, this study aimed to determine whether environmental filtering or host filtering
mechanisms had a greater impact on shaping bacterial assemblages within the microbiome of
arid and semi-arid dwelling Opuntia species.
I hypothesized that both environmental filtering and host filtering will affect bacterial
assemblages, but environmental filtering would have a greater impact on smaller spatial scales.
Literature has been conflicting on whether the environment or the host has a greater effect, so
based on the literature, neither effect can be reliably expected to more heavily impact
assemblages. (Finkel et al., 2012; Izhaki et al., 2013; Knief et al., 2010; Laforest-Lapointe et al.,
2016; Redford et al., 2010). Both the environment and the host were expected to play roles in
9

shaping bacterial assemblages within prickly pear phyllosphere microbiomes. However, I
hypothesized that as distance between sampling spatial size decreased, beta diversity will
decrease. This is because of the short dispersal capabilities of bacteria. I also hypothesized plants
will have similar microbial assemblages within species compared to non-species, which is
supported by a previous study on two prickly pear species studied in Mexico (Citlali et al., 2018;
Coleman-Derr et al., 2016). Time points associated with seasonal data are also hypothesized to
influence microbiome compositions, with assemblages being more similar within each time point
and significantly different among time points. In summary, the major hypotheses for this study
include that bacterial assemblages within Opuntia phyllospheres will be significantly different in
abundance and composition between two sampled time points, between ecoregions, and between
species.

10

CHAPTER II
METHODS
Field sampling background
Sampling was conducted throughout Texas using the ecoregions defined by the
Environmental Protection Agency (EPA) and Texas Parks and Wildlife. These ecoregions
include the majority of the Chihuahuan Desert that is within United States borders as well as the
entirety of the Edwards Plains. Other ecoregions included within the study are the Trans-Pecos,
High Plains, South Texas Plains, Blackland Prairie, and Gulf Prairie/Marshland. Ecoregions not
included are Piney Woods, Cross Timbers, and Rolling Plains. Time and funding restraints
concentrated our efforts where a large spread of Opuntia diversity could be sampled within a
week to ten days. For that reason, the extreme east of Texas as well as the northern panhandle
were not sampled for microbial community composition. Post Oak Savanah is a transitional
ecoregion with highly variable abiotic traits which occurs between areas of Blackland Prairie.
Realistically, the Post Oak Savanah ecoregion as well as Blackland Prairie may be difficult to
disentangle at the sites sampled in those regions. However, site locations overlaid with EPA GIS
data of soil types will be used for the purpose of this study to differentiate between Blackland
Prairie and Post Oak Savanah sites.
Samples were collected twice throughout 2019, once during the rainy season (August)
and once during the dry season (March). The rainy season (also called monsoon season) is within
the months of June-September. Dry season (non-monsoon season) is within the months of
11

October-May (Kirk, 1973; Weiss, 2004). Only two timepoints were used in this project so
neither represents an entire season. However, each timepoint does correspond with associated
seasonal abiotic factors at the time it was collected. Samples were collected throughout Texas,
including in Texas State Parks under permit 2019-R1-18V2
Field site selection and measurements
Sites were chosen randomly, though they were required to have at least two individual
plants present and the site itself had to be no closer than 3 miles from the next closest site. No
sites were larger than 20m x 20m. At each site, the number of individuals (prickly pear plants)
and species were recorded. At least one representative of each species present was sampled. If
multiple individuals of one species were present, the healthiest individual was sampled. Opuntia
are a poorly resolved group due to the wide variety of morphological variations and hybrids.
However, Dr. Powell’s work from Sul Ross State University has published an accepted guide on
Opuntia species throughout Texas where this study was conducted (Powell, 2004). This guide as
well as eflora.org were used for identification of Opuntia species.
Site metrics were collected before sampling the epiphytic communities on the cacti.
Metrics include geographic location, time, weather, cloud coverage, area, and any details such as
plant overgrowth throughout the site or animal presence. Photos of the plant, site, and each pad
to be sampled were collected as well. These metadata are archived within the “Cactus Epiphyte
3” notebook in the Brooks laboratory at Mississippi State University.
Samples of the epiphytic bacterial assemblages were collected from the surface of stem
segments (cladodes or pads) of the plant by rubbing a pair of sterile cotton swabs vigorously over
both sides of a single cladode until the entire pad was swabbed. This was repeated for the three
healthiest pads of each individual. After sampling each pad, swabs were promptly stored in
12

sterile vials filled 90% ethanol for transport to the lab. Following the sampling procedure, plant
metrics were also taken, including height of swabbed pads, length of swabbed pads, facing
directions of the pads (N, S, E, W format), infestations, spine number and length, color of pads
and spines, areole number, presence of fruits or flowers, and glochid length and density. Most of
these notes were qualitative to aid in species identification. All morphometric measurements of
the plants were taken after the swab samples were collected to reduce the chance of bacterial
contamination.
DNA isolation and PCR
Swab samples were stored in a -80° F freezer to maintain the integrity of the DNA.
Bacterial DNA was extracted from swab samples using the Zymo Quick-DNA™ Fecal/Soil
Microbe Microprep isolation kit following the manufacturer’s instructions and protocols. All
parts of the DNA isolation procedure were conducted in a biosafety hood to minimize aerial
bacterial contamination. To add the sample to the kit, the swab tip was cut off (using scissors
sterilized in 10% bleach solution) and placed into the Bashing Bead™ tube along with half of
any remaining liquid from the sample tube. Frequently, no liquid was available within the sample
tube to add to the Bashing Bead™ tube since ethanol quantity was kept to a minimum. Two
negative controls using only kit reagents and no sample were made as well. One of the two
negative controls had a clean, sterile swab added to account for any contamination that may be
inherent with the use of swabs. The remaining negative control contained only reagents from the
kit. One positive control of swabbed Pseudomonas aeruginosa cultures was also used for each
round of DNA isolation. After DNA isolation procedures were complete, the samples were spun
down using a ThermoFisher Scientific Savant™ SPD1010 SpeedVac™ Concentrator to
eliminate any remaining ethanol that may inhibit DNA detection. Temperature was set at 50°C,
13

Heat Time set at 2 hours, and Vacuum Pressure was set at the default. The Run Time was
initially set at 40 minutes and samples would be checked for remaining liquid. Samples with
remaining liquid would be spun down for additional time (2-5 minutes at a time). Care was taken
not to over-dry the samples to prevent over-desiccation of DNA. Samples were then
reconstituted with 30µl of molecular grade water inside a biosafety cabinet and then briefly
vortexed to mix.
PCR amplification (polymerase chain reaction) of V4 regions of 16S rRNA was
performed using the bacterial/archeal primers for 16s rRNA community sequencing using a
C1000 Touch™ Thermal Cycler with settings adapted from the Earth Microbiome Project
(Turnbaugh, 2007). The annealing temperature was increased to 56°C to account for the ideal
melting temperature (Tm) of forward and reverse primers. All samples were prepared on ice
using a Thermo Scientific™ hot start Taq polymerase Master Mix in a biosafety cabinet. A PCR
negative control using only PCR reagents was added to ensure purity of reagents and no aerial
bacterial contamination. Primers used in PCR include Eurofins Genomics 16s V4 forward primer
[5’ GTGCCAGCMG CCGCGGTAA 3’] and Eurofins Genomics 16s V4 reverse primer [5’
GGACTACHVGGGTWTCTAAT 3’]. The forward primer has a melting temperature (Tm) of
67.7°C and a molecular weight of 5,826.8. The reverse primer has a Tm of 58.4°C and molecular
weight of 6,146.9. All samples were prepared using a ratio of 1µl forward primer, 1µl reverse
primer, 2.5 µl molecular grade water, and 12.5 µl i7™ Hot Start High-Fidelity DNA Polymerase
2X Master Mix from Intact Genomics®. This ratio was multiplied by the number of samples plus
2 (to ensure there would be enough reagent mix). This mix was divided by the number of
samples including negative and positive controls. Each 0.2mL PCR tube received 3 µl of sample
and 17µl of the PCR reagent mix. PCR heat cycles are as follows: 1. 94°C, 3:00, 2. 94°C, 0:45,
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3. 56°C, 1:00, 4. 72°C, 1:30, 5. Repeat step 2-4 35X, 6. 72°C, 10:00, 7. 4°C, 0:00. The volume of
isolated template was set at 25µm. To verify amplification of the target regions, amplified
samples were run on a 1% agarose gel to check for bacterial contamination and non-specific
targets. All samples were run against 7µl of Fisher Scientific™ exACT Gene100bp DNA ladder.
PCR cleanup was unnecessary according to the results garnered from PCR. Quantification was
accomplished using a Qubit 2.0. PCR amplification of V4 regions of 16S rRNA was performed
using the bacterial/archeal primers for 16s rRNA community sequencing.
Sequence analysis
Sequencing was carried out at the Michigan State DNA Core Research Technology
Support Facility with the following parameters for library creation and sequencing. Two plates
of 96 samples were submitted for NGS library preparation and sequencing. The V4
hypervariable region of the 16S rRNA gene was amplified using Illumina compatible, dual
indexed primers 515f/806 following the protocol developed in the Schloss lab (Kozich et al.,
2013). PCR products were batch normalized using Invitrogen SequalPrep DNA Normalization
plates and product recovered from plates pooled. The pools were cleaned up and concentrated
using AmpureXP magnetic beads. Pools were QC’d and quantified using a combination of Qubit
dsDNA HS, Agilent 4200 TapeStation HS DNA1000 and Kapa Illumina Library Quantification
qPCR assays.
Each pool was loaded onto one (1) MiSeq v2 Standard flow cell and sequencing was
carried out in a 2x250bp paired end format using a MiSeq v2 500 cycle reagent cartridge.
Custom sequencing and index primers complementary to the 515f/806r oligomers were added to
appropriate wells of the reagent cartridge. Base calling was done by Illumina Real Time Analysis
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(RTA) v1.18.54 and output of RTA was demultiplexed and converted to FastQ format with
Illumina Bcl2fastq v2.19.1
Raw fastq files of barcoded Illumina paired-end reads were assembled, quality filtered,
demultiplexed, and analyzed using the Qiagen CLC Workbench and Microbial Genetics Module.
(Caporaso et al., n.d.)
Data Processing
Raw Fastq reads from sequencing were analyzed using two pipelines created in Qiagen
CLC Genomics Workbench 20. First, paired-end Illumina reads were paired using the Illumina
1.8 sequencing pipeline. Primer pairs were 250bp forward and back, so the minimum distance
for paired reads was set at 200bp and the maximum distance was set at 550bp to encapsulate the
entire read after trimming.
Reads were then put through the first CLC Genomics Workbench pipeline “Data QC and
OTU Clustering.” The first step was to trim adapters. The quality limit for read trimming was left
at the default of 0.05 with the ambiguous trim limit at 2. Remaining samples were then filtered
based on the number of reads, with the minimum number being 1,000 reads. Reads that were
over 25% from the median were also filtered. The minimum number of nucleotides in the read
was set to 5bp. Sequence filtering produced 30,411,604 reads and after trimming, 34 samples
were filtered out leaving 158 cactus samples to analyze. OTUs (operational taxonomic units)
were then clustered using the most up to date Silva 16S v132 99% database for reference based
OTU clustering. The similarity percent was specified by the OTU database and open reference
OTU picking was used to ensure the number of rare taxa excluded was minimized (Edgar, 2017).
For annotation of new OTUs during referencing, the taxonomy similarity percentage was set at
90%. Chimera crossover cost was 3 and Kmer size was set at 7 as specified by Michigan State
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University Genomics Core Facility. The total abundance was 9,664,200, and 184,672 OTUs
were found. There were also 4,059 chimeras identified. The number of remaining samples with
high enough read numbers was 158 out of 192.
Alpha and beta diversity was determined by first filtering out OTUs with low abundance.
The minimum combined abundance of OTUs was 10 and the minimum combined abundance
(percent of total reads) was set at 0 to avoid filtering out any rare taxa. All 158 reads passed with
high enough reads. Additional filtering was conducted after the workflow was complete to
discard any reads with “mitochondria,” “chlorophyll,” or “archaea” in the taxonomical name
sequence to filter out any eukaryotic or non-bacterial sequences. A subtable was created with the
taxa list that excluded archaeal, mitochondrial, or chloroplast sequences and was used for the
remainder of the workflow. OTUs were then aligned with MUSCLE with 16 maximum iterations
(Edgar, 2004). The minimum combined abundance was 10 and the maximum number of
sequences was 100. A maximum likelihood phylogeny was constructed using neighbor joining
and the Jukes Cantor model for nucleotide substitution with otherwise default settings (Jukes &
Cantor, 1969).
Alpha diversity was evaluated at the genus level using Shannon Entropy to determine
differences between sampling levels. For the rarefaction analysis, the minimum depth was 1 and
the maximum sampling depth was 3,000. Twenty read depths were subsampled between the
minimum and maximum with 100 replicates per 20 sampling points.
Beta diversity was evaluated using Weighted and Unweighted UniFrac distances to
ensure both abundant and rare taxa were analyzed.
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Statistical Analyses
To understand the overall epiphytic bacterial community composition of Opuntia species,
the distribution of bacterial organizational taxonomic units (OTUs) across each variable
described in the experimental design other than timepoint was analyzed using Shannon Entropy
for alpha diversity and Principle Coordinate Analyses using Unweighted and Weighted UniFrac
distances for beta diversity. Post hoc tests include Mann-Whitney U tests for Shannon Entropy
and PERMANOVA tests using Unweighted and Weighted UniFrac distances for beta diversity.
Variables included ecoregions and species.
Bar plots were used to visualize taxonomic groups that dominate within each of the three
factors. Class and genus were the primary levels used to evaluate taxonomic variation within
timepoint, species, and ecoregion. Shannon Entropy was used to account for species richness and
evenness while measuring alpha (𝛼) diversity, though Chao1 and Simpson measurements
provided similar results to Shannon. Kruskal-Wallis P-values were used to determine significant
differences in alpha diversities within sampling factors. A P-value less than 0.05 was considered
significant. Kruskal-Wallis was the preferred test over ANOVA because OTU abundance data
was non-parametric (skewed right). A post hoc Mann-Whitney U test was conducted on alpha
diversity values to determine the source of variation. Principle Coordinate Analyses (PCoA) and
Weighted and Unweighted UniFrac measurements were used to estimate beta (𝛽) diversity to
incorporate taxonomy in beta diversity outputs. Both weighted and unweighted UniFrac are
presented to provide insight on the distribution of rare lineages (with unweighted) and more
abundant lineages (with weighted) (C. Lozupone et al., 2011). Both weighted and unweighted
UniFrac distances (beta diversity) were compared against metadata (species, ecoregion, and
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sites) using pairwise PERMANOVA (permutations = 999) to determine which variable(s) was
driving variation.
When analyzed across both timepoints, only sites that were sampled during both
timepoints were included to prevent sampling bias. Analyses for ecoregion effects were analyzed
within each timepoint separately. Additionally, the bacterial communities associated with
timepoints were only evaluated using relative abundance barplots, alpha diversity Shannon
entropy box-and-whisker plots, and UniFrac beta diversity distances. The use of
PERMANOVAs and Mann-Whitney U tests were not appropriate since one timepoint per season
does not give enough data to determine variation within the dataset.
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CHAPTER III
RESULTS
To understand and visualize the taxonomic composition of bacterial phyllosphere
communities on Opuntia, bar plots of OTU abundances were created for each metadata attribute
(individual, site, species, timepoint, ecoregion). Among all 158 samples regardless of differences
between timepoints and ecoregions, there was a significant difference in bacterial abundances
among and between ecoregions (Figure 3.1), species (Figure 3.2), and timepoint (Figure 3.3).

Figure 3.1

Alpha diversity of phyllosphere bacterial assemblages within Texas ecoregions

Shannon Entropy bar plots of the bacterial alpha diversity associated with ecoregion. The
Kruskal-Wallis value of the difference between ecoregions indicates a significant difference
between bacterial diversity between ecoregions (P=5e-06). The number of samples (N) are
included under the ecoregion axis labels.
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Figure 3.2

Alpha diversity of Opuntia species using Shannon Entropy
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Figure 3.3

Alpha diversity of samples in rainy and dry season timepoints using Shannon
entropy

Shannon Entropy alpha values for rainy (August) and dry (March) season timepoints varied
significantly, with August having lower bacterial abundance than March.

The primary driver of significant differences between ecoregions was the Trans-Pecos
and Blackland Prairie according to a PERMANOVA analysis (Appendix A, Figure 4.1). Overall,
South Texas Plains had the lowest bacterial abundance and Trans-Pecos had the highest bacterial
abundance. The Gulf Prairie had the highest variation in abundance. Blackland Prairie had a
persistently high amount of bacterial abundance with the lowest variation compared to other
ecoregions.
Overall, both O. engelmannii varieties had the largest spread of Shannon Entropy alpha
diversity values. They also had the lowest alpha diversity values among all Opuntia species.
22

There was a significant difference in bacterial diversity levels between species, with Shannon
Entropy values spanning from 5.5 to 0.2 (Figure 3.2) (P=0.0003). Mann-Whitney U values
across species for all samples showed many species had significantly different alpha diversity
levels with no main driver. However, O. camanchica and O. engelmannii var. lindheimeri had
some of the most significantly different bacterial communities with other species (Appendix A,
Figure 4.2)
Between the timepoints for the rainy season (August) and the dry season (March), it is
apparent that there is lower diversity within the August timepoint compared to the March
timepoint. The number of samples was similar between the two months (N=82 for August and
N=76 for March).
As stated in the Methods, further analyses of seasonal differences were conducted with
samples from sites that were replicated in both seasonal timepoints (March and August).
Therefore, the samples used to determine within-season analyses will be a subset of the samples
used in the rest of the study. This is because unique Opuntia species and ecoregions were
sampled during each month. It should also be noted again that each season was only sampled
once and is therefore not statistically viable for representing the entire season. However, the
timepoints are associated with the abiotic factors of the seasons the samples were collected.
Most Opuntia microbiomes sampled consisted of bacterial classes Proteobacteria,
Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria across all samples. However,
within seasonal timepoints, the abundances associated with Opuntia differed across sampling
factors and were significantly influenced by ecoregions and species (P<0.05).

23

Timepoint Effects
Among Timepoints
Each sampled timepoint fell within a discrete season (rainy or dry) and these seasons
correspond with specific abiotic factors described previously. Between seasonal timepoints, 22
phyla were identified across all 51 included seasonal samples. Phyla with no taxonomic record
within the Silva database were not included. Ecoregions sampled between both timepoints
(March and August) include the Trans-Pecos and South Texas Plains. Opuntia species included
O. engelmannii var. engelmannii, engelmannii var. lindheimeri, camanchica, azurea, azurea var.
parva, dulcis, macrorhiza, polycantha, and rufida. The most prevalent bacterial phyla were
Proteobacteria (93.4%), Actinobacteria (3.1%), and Firmicutes (1.9%) across all species which
made up 98.4% of the identified classes overall (Figure 3.4).
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Figure 3.4

Bar charts of relative bacterial abundance among timepoints

Relative abundances of OTUs grouped by class (A, C) and genus (B, D) showing the composition of the cacti microbiome associated
with rainy (March) and dry (August) seasonal timepoints. Finer detail is provided in individual samples collected within each month
(C, D).
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The genera drastically differed between timepoints, with Pseudomonas making up most
August bacterial assemblages (85%) and Delftia comprising most of March assemblages (36%).
March only contained 4.1% Pseudomonas.
Richness and evenness were reflected in the calculated Shannon Entropy alpha (𝛼) values
within seasons. Shannon Entropy for August and March yielded median values of H=1.7 and 3.3,
respectively (Figure 3.5).

Figure 3.5

Alpha diversity of seasonal timepoints with associated Shannon Entropy values

Shannon Entropy box-and-whisker plots for differences in alpha diversity of rainy (August) and
dry (March) seasonal timepoints. August samples had lower bacterial diversity on average than
March samples.
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The Shannon Entropy index suggests August had lower evenness and richness, which can
be visualized in Figure 3.4 where bacterial genus Pseudomonas and class Gammaproteobacteria
are dominant. Principle Coordinate Analysis (PCoA) plots for Weighted and Unweighted
UniFrac distances of bacterial assemblages were used to visualize beta diversity measures among
seasons. Weighted UniFrac gives more importance to abundant lineages and Unweighted gives
more importance to rare taxa, and both plots show some clustering of August taxa (Figure 3.6, A
and B).
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Figure 3.6

Beta diversity among seasonal timepoints using Weighted and Unweighted
UniFrac distances

PCoA plots for Weighted (A, C, E) and Unweighted (B, D, F) UniFrac distances of bacterial
communities associated with season (A, B), ecoregion (C, D) and OTU abundance (E, F).
Clustering of samples is apparent in both Weighted and Unweighted UniFrac graphs
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Ultimately, no one factor seems to drive beta diversity between the two timepoints.
However, the Weighted UniFrac shows clustering of taxa by abundance and by ecoregion
(Figure 3.6). In August, variability was explained with abundance on the x axis (PCo 1) (Figure
3.6 E and F) with points clustering according to abundance (occurrences up to 117,429 times)
(Figure 3.3). The y axis (PCo 2) was characterized with mostly Trans-Pecos samples. Weighted
UniFrac was more successful at visualizing differences in community structure, meaning more
abundant taxa are likely driving variance in community composition.
Within seasonal timepoints
Each timepoint falls within the rainy (August) or dry (March) season, and these seasons
correspond to specific abiotic factors. In the last portion of this paper, it was apparent that each
timepoint was also associated with different microbial community patterns. To determine
bacterial assemblage structure within and among sampling variable attributes other than among
seasonal timepoints, each timepoint was analyzed separately since there were additional sites,
ecoregions, and Opuntia species sampled within each season. For that reason, all subsequent
figures within this section will be presented with separate March and August timepoint outputs.
Within seasonal timepoints, in August there were significant differences among ecoregions
(P=8e-06), species (P=8e-05), and site (P=0.0001). The March timepoint presented no statistical
difference among ecoregions (P=0.5), species (P=0.06), or site (P=0.1).
Within dry season timepoint, among ecoregions
The first timepoint was sampled within the dry season. The dry season spans from
October-May (Kirk, 1973; Weiss, 2004). To determine whether bacterial assemblages in Opuntia
microbiomes were significantly different within timepoints, microbial abundances were analyzed
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within March and August separately. In general, the dry season (March) had high richness and
evenness with little variation in bacterial abundance within sample factors. In March, bacterial
classes Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria dominated bacterial
assemblages at a combined 93.4%. The three most common genera Sphingomonas,
Methylobacterium, and Hymenobacter only comprised a combined 34.5% (Figure 3.7).
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Figure 3.7

Bar charts of relative bacterial abundance within Opuntia ecoregions within the March timepoint

Relative abundance of bacterial assemblages within each ecoregion are organized by bacterial class (A, C) and genus (B, D). Panels A
and B represent the sum of all sampled plants within an ecoregion. Panels C and D display each ecoregion broken down by individual
sample for finer detail of microbial patterns within ecoregions.
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The breakdown of ecoregions by individual samples shows the Trans-Pecos had
considerably higher abundance of bacterial genera Delftia (30%) and lower abundance of
Sphingomonas (1.6%) and Methylobacterium (2.4%) compared to other ecoregions. Blackland
Prairie had a higher abundance of Sphingomonas (25%) and Methylobacterium (19%) than all
other ecoregions. The South Texas Plains, in contrast, contained 24% Hymenobacter. The
ecoregion with the next highest levels of Hymenobacter only contained 7.6% of the genus, which
is a 16.4% difference. The genus Acinetobacter is also more abundant among Edward’s Plateau
and South Texas Plains.
Across ecoregions, Shannon Entropy alpha levels showed little variation in microbial
richness and evenness with an overall Kruskal-Wallis P value of 0.5 (Figure 3.5).

Figure 3.8

Shannon Entropy and Kruskal-Wallis P value across ecoregions within dry season
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Most variation was derived from the Edward’s Plateau according to Mann-Whitney U
tests (Appendix A, Figure 4.3), however, no ecoregion sampled in March was statistically
different from another.
The Trans-Pecos and had both the highest and lowest levels of evenness and richness in
March, according to Shannon Entropy values. This can be visualized in figure 3.4 where Delftia
makes up the majority of 6 of the 19 Trans-Pecos samples. Other samples within the ecoregion
have considerably higher evenness and richness. Overall, the March timepoint showed high
levels of richness that were similar to reported values by Fonseca-García et al. 2016.
According to beta diversity analyses, significant variation between ecoregions in March
was detected (Appendix B). Almost all pairwise analyses of ecoregions were significantly
different when using Unweighted UniFrac (UUF) distances. Weighted UniFrac (WUF) distances
also yielded significant differences among ecoregions, though not as many ecoregions were as
statistically different. The difference in WUF and UUF measurements suggests that while there
may be some differences between microbial compositions of ecoregions, it is primarily due to
differences in abundances of rare taxa, not difference in abundance of abundant taxa. PCoA plots
show clustering among ecoregion bacterial diversity using both WUF and UUF distances (Figure
3.9).
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Figure 3.9

Beta diversity of ecoregions within the March timepoint using weighted and
unweighted UniFrac distances

Within March timepoint, among Opuntia species
Ten Opuntia species and species varieties were sampled in March: O. engelmannii var.
engelmannii, engelmannii var. lindheimeri, aciculata, stricta, camanchica, dulcis, rufida,
spinosibacca, mackensenii, and phaecantha. All species appear to have high bacterial richness
within class and genus, which can also be seen in Figure 3.8. O. rufida had a much higher
abundance of Gammaproteobacteria compared to other Opuntia species and had the highest
abundance of bacterial genus Delftia at 82%. The next highest count of Delftia occurred in
species O. dulcis at 29% of the relative abundance. O. aciculata also had a noticeable outlier in
bacterial abundance. O. aciculata was 30% comprised of an unknown genus (Figure 3.9, Legend
entry 1174-901-12) within the family Beijerinckiaceae.
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Figure 3.10

Bar charts of relative bacterial abundance by Opuntia species within the March timepoint

Relative abundance of bacterial assemblages within the phyllosphere of Opuntia species are organized by bacterial class (A, C) and
genus (B, D). Panels A and B represent the sum of all sampled plants within a species. Panels C and D display each species broken
down by individual sample for finer detail of microbial patterns within species.
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This unknown genus was not detected in any other Opuntia species at abundances over
3%. When broken down into samples (Figure 3.9, Panel C), it was also apparent that O.
engelmannii var. engelmannii regularly hosts the bacterial genus sphingomonas. This may also
be true for O. aciculata and O. stricta, but sampling size wasn’t sufficient to provide evidence
for a persistent pattern. Bacterial genus Acinetobacter is relatively persistent throughout all
species, occurring from 0.62% (O. rufida) to 45% (O. phaecantha).
Alpha diversity values between Opuntia species varied, but not significantly if all species
were included (Kruskal-Wallis P value of 0.06) (Figure 3.10).
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Figure 3.11

Alpha diversity of Opuntia species in March using Shannon Entropy

Panel A includes all species collected in March regardless of sample size. Panel B includes
species with a sample size larger than 3 which excludes O. mackensenii var mackensenii, O.
phaecantha, and O. spinosibacca.

All species sampled in March were included regardless of sample size in panel A. Panel
B excludes any species that had a sample size smaller than 3. If species with a sample size below
5 were excluded, the P value is 0.04. Both scenarios were included to report all tested samples
but to maintain overall integrity of the sample set. Across species, O. engelmannii var.
lindheimeri had the most samples (N=38) but still had a relatively narrow range of alpha
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diversity around a Shannon Entropy level of 4. In contrast, O. engelmannii var. engelmannii
which was the most closely related to lindheimeri had a wide spread of diversity levels within the
species. O. rufida had the lowest diversity levels of the species while O. engelmannii var.
engelmannii and O. stricta had the highest.
According to Mann-Whitney U test results of Figure 3.11 Panel B, no one species was
the primary driver of variation in bacterial abundance, though O. engelmannii var. lindheimeri
had the most variation between ecoregions (Appendix A, Figure 4.4)
Within August timepoint, among ecoregions
The rainy season spans from June-September (Kirk, 1973; Weiss, 2004) and was sampled
for this study once in August. Eight days of sampling were included in data analyses. Ecoregions
sampled in August include the Trans-Pecos, Edward’s Plateau, Gulf Prairie, and South Texas
Plains. Overall diversity and richness were low for the rainy season, and were similarly low
between Edward’s Plateau, Gulf Prairie, and South Texas Plains (Figure 3.12).
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Figure 3.12

Barplots of relative bacterial diversity between ecoregions within August timepoint

Relative abundance of bacterial assemblages within ecoregions are organized by bacterial class (A, C) and genus (B, D). Panels A and
B represent the sum of all sampled plants within an ecoregion. Panels C and D display each ecoregion broken down by individual
samples for finer detail of microbial patterns within ecoregions.
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The Trans-Pecos had the highest bacterial diversity within ecoregions, and there is only
one outlier, TX112.2A, which came from a O. engelmannii var. lindheimeri individual and
contained a large amount of Delftia compared to other samples. The only other species to have
over 40% Delftia is O. rufida in the dry season (Figure 3.10). Over 70% of each ecoregion
consisted of bacterial class Gammaproteobacteria and over 55% of genus Pseudomonas. When
genus is broken down by sample, it is apparent that Trans-Pecos has considerably more richness
within each sample compared to other ecoregions in August (Figure 3.12).
In general, phyllosphere bacterial abundance and richness was low in August (the rainy
season). However, Shannon Entropy alpha values were significantly different among ecoregions
with the Trans-Pecos being the primary driver of the diversity (P=8e-06) (Figure 3.13) (Appendix
A, Figure 4.5).

Figure 3.13

Alpha diversity of ecoregions within August timepoint using Shannon Entropy
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Beta diversity estimates using weighted and unweighted UniFrac distances showed
clusters of Trans-Pecos samples. All other ecoregions showed little variation between each other,
making the Trans-Pecos unique within ecoregions sampled within the August timepoint (Figure
3.14)

Figure 3.14

Beta diversity of August ecoregions using weighted and unweighted UniFrac
distances

Both weighted and weighted UniFrac PCoA plots showed the clustering of Trans-Pecos
samples, meaning both abundant and rare bacterial taxa were unique within the Trans-Pecos
ecoregion. PERMANOVA analyses using both Weighted and Unweighted UniFrac distances
yielded significant differences. However, only Weighted UniFrac showed a significant difference
between Edward’s Plateau and the Gulf Prairie, suggesting abundant taxa and not rarer taxa are
more variable between the pair (Appendix B). The Trans-Pecos had high variation between all
other ecoregions, which is visible in Figure 3.14.
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Within August timepoint, among Opuntia species
Nine Opuntia species were sampled within the rainy season (August). These include O.
ellisiana, O. phaecantha, O. camanchica, O. engelmannii var. engelmannii, O. engelmannii var.
lindheimeri, O. rufida, O. macrorhiza, O. ficus-indica, and O. macrocentra. Interestingly,
bacterial richness was significantly lower in O. eng var. eng, O. eng var. lind, and O. rufida,
which primarily consisted of bacterial class Gammaproteobacteria (Figure 3.15)
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Figure 3.15

Bar plots of bacterial abundance of Opuntia species in August

Relative abundance of bacterial assemblages within Opuntia species in August are organized by bacterial class (A, C) and genus (B,
D). Panels A and B represent the sum of all sampled plants within a species. Panels C and D display each species broken down by
individual samples for finer detail of microbial patterns within species.
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As in the dry season (March timepoint), August samples of O. rufida also consisted of a
majority of bacterial genus Delftia (68%). No other species contained more than 20% Delftia in
August. All other species were primarily consisted of bacterial classes Gammaproteobacteria
(5.5%-99%), Alphaproteobacteria (0.63%-51%), and Actinobacteria (0.35%-42%). Genus
diversity varied widely among Opuntia species but the three most abundant include
Pseudomonas (1.3%-95%), Delftia (0-68%), and Afipia (0-35%). Though Pseudomonas is only
in the three most abundant genera due to its dominance within O. Engelmannii varieties (86%96% in O. engelmannii varieties).
Overall, bacterial diversity varied significantly between Opuntia species according to
Shannon Entropy values (P=8e-05) (Figure 3.16).
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Figure 3.16

Bacterial alpha diversity between species within August timepoint

Shannon Entropy values of species sampled in August are included in Panel A. Only species
with a sample size larger than 3 are included in Panel B.

The only species pair that were not statistically significantly different according to MannWhitney U values were O. camanchica and O. rufida (P=0.14).
Some species collected in August had a low sample size, however those samples are
reported here to show where those samples’ bacterial diversity fell in relationship to other
species even though they have no statistical value (Figure 3.16, Panel A). Species with sample
sizes below 3 include O. ellisiana, O. ficus-indica, O. macrocentra, O. macrorhiza, and O.
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phaecantha. With those samples excluded, the remaining species’ alpha diversity levels are
statistically significantly different at P=0.0007.
Interestingly, O. engelmannii var. lindheimeri has the greatest sample size and the
smallest alpha diversity spread, and thus consistently less richness and evenness. It’s closest
relative O. engelmannii var. engelmannii has a relatively large spread and thus variable levels of
richness and evenness, which is the same pattern observed in March, the dry season (Figure
3.11). This pattern can also be visualized in Figure 3.15, where some O. eng var. eng samples
have low richness and others have a high microbial richness, and O. eng var. lind samples are all
dominated by bacterial class Gammaproteobacteria and genus Pseudomonas.
Bacterial variance within the rainy season does seem to be partially explained by species,
with both O. engelmannii varieties clustering further among the PCo1 axes in both unweighted
and weighted UniFrac PCoA charts (Figure 3.17).

46

Figure 3.17

Beta diversity of Opuntia species in August using weighted and unweighted
UniFrac distances

Clustering within both O. engelmannii varieties in both UniFrac charts suggests that the
abundant and rare bacterial genera within O. engelmannii are unique compared to other species.
PERMANOVA values between Opuntia species in August showed that of the four species in
Figure 3.16 Panel B, O. engelmannii var. lindheimeri drove the majority of the variation within
the August species dataset (Appendix B). Interestingly, both Weighted and Unweighted UniFrac
distances showed that rare and abundant taxa differed the same amounts between species pairs.
Within Species
To determine whether bacteria associate with particular Opuntia species, bacterial
assemblages were analyzed within species and across ecoregions. Regardless of the timepoint a
sample was collected, if bacterial assemblages are associated with Opuntia species, significant
differences between ecoregions would not be expected.
Not all species could be analyzed across ecoregions since many occur only in specific
areas within Texas. Four Opuntia species were sampled among multiple ecoregions, O.
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camanchica, O. phaecantha, O. engelmannii var. engelmannii, and O. engelmannii var.
lindheimeri. These four species were analyzed for significant differences in bacterial
assemblages across ecoregions, though O. phaecantha has low statistical power with only three
total samples.
O. phaecantha had one March sample and two August samples. The species did not have
a significant difference in bacterial richness and abundance between the occurrences in the
Trans-Pecos and Edward’s Plateau (Kruskal-Wallis P=0.2). O. camanchica also had low
statistical power because only one of the 24 samples were collected in the Edward’s Plateau. All
other samples were collected in the Trans-Pecos. O. camanchica also did not have a significant
difference in bacterial richness and abundance between the occurrences in both ecoregions with a
Kruskal-Wallis P-value of 0.2.
O. engelmannii var. engelmannii
This species variety was sampled within the Trans-Pecos and Edward’s Plateau. The
phyllosphere bacterial assemblages for each ecoregion were lacking in richness and evenness,
being primarily made up of bacterial class Gammaproteobacteria and genus Pseudomonas
(Figure 3.18)
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Figure 3.18

Bacterial diversity of O. engelmannii var. engelmannii within ecoregions

Relative abundance of bacterial assemblages O. engelmannii var. engelmannii within ecoregions are organized by bacterial class (A,
C) and genus (B, D). Panels A and B represent the sum of all sampled plants within an ecoregion. Panels C and D display each
ecoregion broken down by individual samples for finer detail of microbial patterns within ecoregion.
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Although the two ecoregions are both lacking in richness, there is a wide variation in
richness of individual samples (Figure 3.18, Panel C, D). Most Edward’s Plateau samples (85%)
consist of over 90% of the same bacterial class or genus. Less than 50% of Trans-Pecos samples
consist of over 90% of the same bacterial class or genus.
Within the species O. engelmannii var. engelmannii, the bacterial assemblages for the
Trans-Pecos and Edward’s Plateau did not have significantly different bacterial diversities
(Figure 3.19) (P=0.1)

Figure 3.19

Alpha diversity of O. engelmannii var. engelmannii ecoregions

Although the Shannon Entropy values do not show a significant difference between
ecoregion bacterial diversity, beta diversity PCoA plots show clustering of abundant Trans-Pecos
bacterial taxa along the PCo 2 axis (Figure 3.20)
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Figure 3.20

Beta diversity of O. engelmannii var. engelmannii ecoregions

Rarer taxa given more weight in the Unweighted UniFrac plot (Figure 3.20) do not
appear to cluster according to ecoregion. PERMANOVA values yielded supporting results for
PCoA visualizations, with significant variation between ecoregions according to Weighted
UniFrac (P=0.019) and no significant variation using Unweighted UniFrac (P=0.17) (Appendix
B). Results suggest a difference in abundance of common taxa between ecoregions but no
significant difference in rarer bacterial taxa.
O. engelmannii var. lindheimeri
This species was sampled within four ecoregions, Edward’s Plateau, Blackland Prairie,
Gulf Prairie, and the South Texas Plains. It does not typically occur in the Trans-Pecos, as O.
engelmannii var engelmannii does. Overall bacterial richness varies widely between ecoregions,
with Blackland Prairie having the highest richness and evenness and the Gulf Prairie having the
least. There is a lack of bacterial diversity within the Gulf Prairie ecoregion, with over 95% of
the ecoregion consisting of bacterial class Gammaproteobacteria. Blackland Prairie has only 12%
Gammaproteobacteria, and primarily consists of Alphaproteobacteria. The genera Sphingomonas
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and Methylobacterium are also uniquely abundant within Blackland Prairie, together making up
44% of the ecoregion’s bacterial diversity (Figure 3.21).

52

Figure 3.21

Bar plots of O. engelmannii var. lindheimeri bacterial diversity within ecoregion

Relative abundance of bacterial assemblages O. engelmannii var. lindheimeri within ecoregions are organized by bacterial class (A, C)
and genus (B, D). Panels A and B represent the sum of all sampled plants within an ecoregion. Panels C and D display each ecoregion
broken down by individual samples for finer detail of microbial patterns within ecoregion.
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There is a lack of bacterial diversity within the Gulf Prairie ecoregion, with over 95% of
the ecoregion consisting of bacterial class Gammaproteobacteria. Blackland Prairie has only 12%
Gammaproteobacteria, and primarily consists of Alphaproteobacteria. The genera Sphingomonas
and Methylobacterium are also uniquely abundant within Blackland Prairie, together making up
44% of the ecoregion’s bacterial diversity.
There was a significant difference between O. engelmannii var. lindheimeri bacterial
assemblages between ecoregions (P=7e-05) (Figure 3.22).

Figure 3.22

Alpha diversity of O. engelmannii var. lindheimeri bacterial assemblages within
ecoregions

Edward’s Plateau had the most variable diversity levels between samples while the Gulf
Prairie had the least. Blackland Prairie had the highest diversity and was the greatest driver of
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diversity between all other ecoregions according to Mann-Whitney U values (Appendix A,
Figure 4.6).
Beta diversity was not indicative of much variation within samples that were caused by
ecoregions. The only ecoregion that had significantly different beta values from every other
ecoregion was Blackland Prairie, which was significant across both PERMANOVA Unweighted
and Weighted UniFrac values (Appendix B). Samples clustered heavily according to timepoint,
however (Figure 3.23).

Figure 3.23

PCoA beta diversity plots of O. eng var. lind between ecoregion and season
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As stated earlier in this thesis, seasonality cannot be used here to explain variation within
the dataset since only one timepoint per season was collected. However, the difference between
the two timepoints was included in the bottom two UniFrac charts in Figure 3.23 to report what
was found. The clustering by timepoint and subsequent lack of bacterial association with
ecoregion may suggest a lack of bacterial associations with O. eng var. lind. To fully make this
assumption, however, more timepoints are necessary.
Across O. engelmannii var. lindheimeri samples there was a difference between alpha
values for season as well, indicating that seasonality may be a driver of bacterial abundance,
richness, and evenness (Figure 3.23).
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Figure 3.24

Alpha diversity between seasons in O. engelmannii var. lindheimeri plants
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CHAPTER IV
DISCUSSION
Drivers of microbial community composition
It is already widely accepted that microbial communities within plant microbiomes are
influenced by abiotic and host forces including host genotype, UV exposure, soil type, and
stochastic variation (Adair & Douglas, 2017; Bordenstein & Theis, 2015; Finkel et al., 2011;
Fonseca-García et al., 2016; Houerou & Tomorrow, 1988; Lindow & Brandl, 2003; Whipps et
al., 2008). In this study, I analyzed the phyllosphere bacterial assemblages of 16 Opuntia species
(including three varieties) across five ecoregions and within two timepoints (corresponding with
rainy and dry seasons). All these sampling factors affected Opuntia phyllosphere bacterial
compositions, but not equally or uniformly. Factors that affect microbiome compositions are
complex, which was expected. In some Opuntia species, taxonomy is more important in
determining the bacterial assemblages. In other species, it may be season or ecoregion that are
determinants of bacterial assemblage composition. Overall, it is apparent in this study that timing
of sampling, species, and proximity have effects on Opuntia phyllosphere microbial
communities.
I hypothesized that phyllosphere bacterial assemblages on Opuntia cacti would have
significantly different compositions between Texas ecoregions and Opuntia species. After
analysis, the null hypothesis was rejected for the hypotheses as a significant result was garnered.
Evidence from this study heavily suggests the phyllosphere bacterial assemblage composition of
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prickly pear cacti are dependent on ecoregion and host species. Season may have an additional
effect on microbial community composition within the phyllosphere, but additional sampling
within each season would be necessary for a robust conclusion.
Ecoregion effects on microbiome composition
Bacterial assemblages within the phyllosphere are significantly influenced by local
climate variables such as temperature, precipitation, and wind (Coleman-Derr et al., 2016; Finkel
et al., 2011; S. S. Hirano & Upper, 2000; Laforest-Lapointe et al., 2016). These abiotic variables
partially define ecoregions, and thus may support different communities of phyllosphere bacteria
within each ecoregion. Across the five ecoregions that were sampled in both timepoints within
this study, there was a significant difference in bacterial abundance and richness between all but
two ecoregion pairs (Figure 3.1). The two ecoregions that were not significantly different were
the Trans-Pecos and Blackland Prairie and the South Texas Plains and the Gulf Prairie.
Ecoregion effects were further analyzed within each season. In March, ecoregions did not
have significant differences in bacterial abundance and richness. Overall richness and evenness
were high, implicating favorable conditions for bacterial growth. August, however, had
extremely variable bacterial abundance and richness within ecoregions. Bacterial richness and
evenness were extremely low, with the exception of the Trans-Pecos which contained the most
Opuntia species out of all sampled ecoregions. The Trans-Pecos is also expected to be one of the
ecoregions with the highest diversity in Texas, being part of the Chihuahua desert and containing
the most diverse plant and animal life (Weiss, 2004). The bacterial communities within the
ecoregion stayed relatively similar within the dry season and the rainy season and containing
higher diversity in both than other ecoregions.
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In the timepoint within the dry season (March), each ecoregion was considerably unique.
Instead of primarily comprising of Gammaproteobacteria as seasonal measurements would
suggest, four ecoregions out of five (except for the Trans-Pecos) consisted of primarily
Alphaproteobacteria and the bacterial genera Sphingomonas and Methylobacterium. The TransPecos had the highest occurrence of genus Delftia, and very little Sphingomonas (Figure 3.7).
Although both seasons had different ecoregions and species sampled, the difference in bacterial
richness and evenness is striking among the rainy and dry season timepoints. In the rainy season
(August), each ecoregion has restricted diversity and evenness compared to March. All
ecoregions sampled are dominated (over 70%) by Gammaproteobacteria. Additionally, 55% of
each ecoregion is dominated by the genus Pseudomonas. Any comments here about seasonality
are not conclusive because of the inability to calculate variation within the dataset, but observed
patterns are still reported.
Regardless of season, however, the Trans-Pecos consistently yielded some of the highest
bacterial richness and evenness values, which may be attributed to the high levels of biodiversity
within the ecoregion and lack of anthropogenic disturbance. Many sites within the Trans-Pecos
were collected either within Big Bend Ranch State Park or in relatively uninhabited, rural lands
around the area. Research suggests the total number of living microorganisms is drastically
reduced when exposed to air pollution, so the pollution from roadways or human activity may
restrict bacterial growth and persistence on plant surfaces in more exposed ecoregions (Brighigna
et al., 2000; Magan & McLeod, 1991). If conditions associated with the rainy season are
unfavorable, as this study suggests, then perhaps only ecoregions with minimized pollutants
could continue to harbor a high diversity of microbial life throughout the year. Timepoints and
associated seasonality effects appear to have an effect on microbial abundance in this study, and
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the negative effects of seasonality on bacterial abundance may be more dramatic within
ecoregions that experience high levels of anthropogenic disturbance.
Host species effects on microbiome composition
The effect of host species on bacterial assemblage composition within the phyllosphere of
Opuntia was more complex than ecoregion effects. However, there was a significant difference
between host phyllosphere assemblages throughout both seasons and within each timepoint. I
had hypothesized that there would be a significant difference between bacterial assemblages of
Opuntia species, and most of the results suggest the null hypothesis should be rejected. To
separate the effect of timepoint and species on microbial community composition, the
phyllosphere bacterial assemblages of Opuntia species were analyzed across both timepoints and
within each timepoint. However, the most reliable measurement would be the combination of
both timepoints so the dataset is statistically viable.
When timepoints were combined, bacterial classes Gammaproteobacteria,
Alphaproteobacteria, and Actinobacteria made up at least 60% of each species’ bacterial
assemblages, though in highly variable combinations. O. engelmannii var. engelmannii, O.
engelmannii var. lindheimeri, and O. rufida were lacking in diversity and evenness compared to
other species and were dominated by class Gammaproteobacteria (>72%). The genera associated
with each species was even more variable, with most species showing considerable evenness and
richness. Only both O. engelmannii varieties were dominated by Pseudomonas. O. rufida and O.
azurea were dominated by Delftia. According to PERMANOVA post hoc analyses, no one
species or set of species was driving overall diversity, with several species being microbially
significantly different from each other (Appendix B). This was particularly true when using
Weighted UniFrac distances, meaning rarer taxa had a greater variance in abundance between
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season than abundant taxa. The species driving the difference, O. engelmannii var. lindheimeri,
was consistently significantly different from other species, suggesting that the amount and type
of abundant bacterial taxa associate with lindheimeri regardless of season. Additionally, rare taxa
may be more transient and dependent on other non-species effects such as ecoregion or season.
Within the March timepoint (the dry season) ten Opuntia species were sampled and seven
were analyzed for variation in bacterial assemblages (Figure 3.11). The discarded three species
were not included in alpha diversity analyses because of low sample size. Bacterial evenness and
richness were high within species with the exception of O. rufida in March. Nine species were
sampled in August and three were not included in alpha diversity analyses because of low
sample size. Within each sampling variables (ecoregion, species), species sampled in August
consistently trend toward lower bacterial richness and abundance with greater variation between
sampling factors (in this case, species). The most abundant bacterial classes were
Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria, making up more than 60% of
each species’ bacterial assemblages. Genera within the month of March were extremely variable
across all Opuntia species (Figure 3.10, Figure 3.15).
In August, the abundance of many classes and genera of bacteria within host
phyllospheres changed dramatically from compositions in March. The most abundant class
between all Opuntia species was replaced with Gammaproteobacteria instead of
Alphaproteobacteria and two species became heavily dominated by Gammaproteobacteria (both
O. engelmannii varieties). The three most abundant genera in March, Sphingomonas,
Methylobacterium, and Hymenobacter were no longer in the top five most abundant bacterial
genera in August. Instead, Pseudomonas, Delftia, and Afipia dominated. Pseudomonas and
Delftia typically appear to have higher abundance where evenness and richness is lower, which
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was the case in this sampling variable as well. O. rufida was the only species that stayed
relatively similar in March and August, consistently being dominated by bacterial class
Gammaproteobacteria and genus Delftia. Other species such as O. ficus-indica, O. macrocentra,
O. phaecantha, and O. ellisiana had higher occurrences of genus Afipia than any other species in
March. Afipia was not in the 18 highest abundance genera in March, and thus was not included
in the legend for that season. Afipia is a genus of gram negative, non-fermenting bacteria whose
role in the plant phyllosphere is poorly understood, however, there have been occurrences of
Afipia reported within phyllospheres of apples, wild plants, and Arabidopsis (Al-Awadhi, AlMailem, Dashti, & Hakam, 2012; Knief, Frances, & Vorholt, 2010; Ottesen, White, Skaltsas,
Newell, & Walsh, 2009). Occurrences of the genus were highly variable between species, with
some Opuntia species containing over 30% and some species having no traces of Afipia. The
genus has also been used to treat wastewater that are polluted with 1, 4-Dioxane which is a
biproduct of many manufacturing processes (Isaka, Udagawa, Kimura, Sei, & Ike, 2016). The
species in this study with a high abundance of Afipia were collected in anthropogenically
polluted ecoregions (mostly outside the Trans-Pecos), so it may be possible that these bacteria
have a role in protecting the plant surface from anthropogenic pollution. However, this is only an
inference into bacterial function as function was not investigated within this study.
Is there a “core” microbiome?
Metagenomics studies on microbiomes typically endeavors to find a “core microbiome”
which consists of the consistent members of microbiome communities within similar
environments or taxa (Shade & Handelsman, 2012). Two Opuntia varieties were thoroughly
sampled between different ecoregions: O. engelmannii var. engelmannii and O. engelmannii var.
lindheimeri. The former variety is typically found in the western half of Texas and the latter is
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found in the eastern half (Powell & Weedin, 2004). If species had consistent bacterial
assemblages between ecoregions and regardless of timepoints, it would support the existence of a
“core” microbiome that associates with specific hosts (Shade & Handelsman, 2012).
Both varieties clustered together, and away from other species in August in both
Weighted and Unweighted UniFrac PCoA plots, indicating they have unique microbial patterns
that are more similar to each other and less so to other species. This was supported by a
PERMANOVA within August that reported consistently significant differences in bacterial
assemblages between O. engelmannii varieties and every other species in August (Appendix B).
The two varieties were not significantly different from each other according to Kruskal-Wallis Pvalues (P=0.2) across both seasons.
O. eng var. lind was sampled within four ecoregions: Blackland Prairie, Edward’s
Plateau, Gulf Prairie, and South Texas Plains. The bacterial diversity between these ecoregions
varied significantly, with the Gulf Prairie having extremely limited bacterial abundance,
evenness, and richness. Previous sections have already discussed the significant variation among
rare taxa within O. eng var. lind across timepoints, and the subsequent consistency of abundant
taxa across season (Appendix B). Even though the differences in bacterial evenness and richness
were significant across season, beta diversity plots show weak clustering according to ecoregion.
The Blackland Prairie was the most unique, driving the variation in beta diversity in both
Unweighted and Weighted UniFrac PERMANOVAs (Appendix B). In summary, bacterial
abundance does seem to be driven in part by ecoregion effects in O. eng var. lind, but it is also
influenced by timepoint (Figure 3.23). There is a clear difference in primarily rare taxa between
August and March timepoints, suggesting that there is no “core” microbiome within O. eng var.
lind. There may be some consistency in abundant bacterial taxa, though it is not likely. Many of
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the bacterial taxa associated with the Opuntia variety are dependent on which ecoregion the plant
lives in and what season it is. However, seasonality needs to be more rigorously studied since it
each season was only sampled once for this study.
In O. engelmannii var. engelmannii, there was more support for a core microbiome, but
there still seems to be a potential dependence on timepoint in determining assemblage
composition. PERMANOVA tests of the ecoregion beta diversity were significant for Weighted
UniFrac distances (P=0.019). Results suggest we reject the null hypothesis since there is a
significant difference in bacterial composition for ecoregion effects. However, PERMANOVA
results of Unweighted UniFrac distances determined that rarer bacterial taxa did not differ
significantly between ecoregions. This may indicate a preference of less abundant taxa for O.
engelmannii var. engelmannii species. This was the same pattern observed in O. engelmannii
var. lindheimeri, suggesting there may be some rarer bacterial taxa that form relationships with
this Opuntia species regardless of ecoregion or season effects.
Within both O. engelmannii varieties, there is some evidence of a “core” microbiome that
is populated by rarer bacterial taxa. Most of the variation within the species is heavily dependent
on season or ecoregion, though there may be a smaller number of rare taxa that have formed
relationships with O. engelmannii. However, this portion of the study was only conducted on two
varieties within one species. Opuntia are a very diverse and widespread taxa, and more research
needs to be conducted to establish whether a core microbiome may associate with the remaining
Opuntia species.
Tentative timepoint effects on microbiome composition
Any observations on seasonality here are inconclusive because of insufficient sampling
within each season. However, because each timepoint corresponded with a season and dramatic
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patterns were observed according to seasonality, the results will still be reported. Timepoints had
a noticeable effect on Opuntia microbial communities which were sampled seasonally in the
Trans-Pecos and South Texas Plains. These two ecoregions are among the most biotically
limiting ecoregions in the study, receiving less rain than any other ecoregions sampled. The
South Texas Plains can receive 16 inches of rain in the west and up to 30 inches in the east and
maintain annual temperatures of around 73 o F. The ecoregion has recurrent droughts which
defines the landscape (Weiss et al., 2004). The Trans-Pecos is the United States portion of the
Chihuahuan Desert and maintains annual temperatures of 79 o F. Average precipitation can range
from 8 to 20 inches. Additionally, the Trans-Pecos has the clearest days of any other Texas
ecoregion, leading to higher UV exposure. In the rainy season (June-September) bacterial
assemblage richness and evenness was significantly lower than the dry season (October-May)
(Kirk, 1973; Weiss, 2004). This was surprising because the phyllosphere has long been
considered a “hostile” environment to microorganisms due to low nutrient availability, high UV
exposure, and high aridity (Coleman-Derr et al., 2016; Fonseca-García et al., 2016). These
filtering mechanisms are only heightened within dry ecoregions and even more so within dry
months. This is a similar result to ones garnered for four other cactus species native to the
Chihuahuan ecoregion in Mexico which had higher phyllosphere diversity and abundance than
previously expected (Beattie & Lindow, 1999; Lindow & Brandl, 2003).
Although the dry season (March) is expected to enact stringent filtering mechanisms on
microbial communities, the microhabitat provided by the waxy cuticle covering Opuntia may
provide conditions that reduce the damage of UV and other abiotic filtering mechanisms
(Lindow & Brandl, 2003) It has been recognized that the surface of plants (especially plants with
a thick, waxy cuticle) may need to be evaluated as more of a three-dimensional environment with
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more complexity than previously thought (Axtell & Beattie, 2002) The three-dimensional space
may be an opportunistic habitat available for colonization and establishment of bacterial
epiphytes that would serve as a buffer to extreme abiotic conditions of the environment. In a
study using Pantoea agglomerans, the bacteria was not stressed by UV radiation when residing
within a waxy cuticle layer according to a bioluminescent marker that measured water
deprivation (Susan S Hirano & Upper, 2000b). There is a limited body of research on the waxy
cuticle of cacti and how it relates to microbial community abundance however, so this may be an
area of research worth further investigation.
The rainy season (August), in contrast, had significantly lower bacterial richness and
evenness than the dry season. Past research has shown a higher bacterial abundance within the
phyllosphere in relatively moist conditions with more rain and cooler temperatures (S. S. Hirano
& Upper, 2000; Weiss et al., 2004). With more dry, sunny days, it would have been expected
that more bacteria emigrated from the leaf surface, leaving less bacterial diversity and abundance
than in March (S. S. Hirano & Upper, 2000; Weiss et al., 2004). However, this was not the case
in August, which had significantly lower bacterial richness than March.
August timepoint bacterial assemblages primarily consisted of the genera Pseudomonas
and Delftia, members of the class Gammaproteobacteria. This is in stark contrast to March
timepoint bacterial assemblages which primarily consisted of Delftia and Acinetobacter. In
general, many phyllosphere bacteria are non-spore-forming heterotrophs which may be gram
positive or gram negative. Additionally, many phyllosphere bacteria appear to be pigmented,
though no survival benefit from coloration has been detected so far (S. S. Hirano & Upper,
2000). Pseudomonas fits those categories and is commonly reported to be the most abundant
bacterial taxon in the phyllosphere of both CAM and non-CAM plants (S. S. Hirano & Upper,
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2000) Pseudomonas is particularly hardy and has little issue growing in a wide array of
environments, including the highly variable leaf surfaces, making it a probable generalist within
the phyllosphere bacterial microbiome (S. S. Hirano & Upper, 2000).
Between each of the seasons, there was clustering of both rare and abundant taxa
according to season (Figure 3.6, Panels A & B). Dry season samples in March had a tighter
cluster and less variation among samples than August, suggesting a microbiome that is more
tightly associated with either the cactus species or ecoregion in March. It was also apparent that
though there was a large amount of variation in bacterial samples in August, there was a separate
cluster with high abundance that was also associated with the South Texas Plains ecoregion and
the Trans-Pecos (Figure 3.6, Panels C-F). Significant bacterial variation between the Trans-Pecos
and all other ecoregions for both seasons were detected (Appendix B). Ecoregions appear to be
significantly different across seasons according to all analyses.
Although Opuntia are an extremely widespread taxa in Texas, limitations within field
sampling may have affected downstream analyses. Field sampling was limited to one trip per
season, each trip lasting roughly a week. With only one timepoint per season, variation within
the dataset could not be calculated and seasons couldn’t then be accurately represented. Each
timepoint corresponded with a season so potential seasonal differences were reported, but a
broader temporal resolution would be helpful for a more comprehensive analysis of seasonal
effects on microbial composition. Within each season that we sampled, we also experienced
opposite weather patterns from what is typical for the season. In March (dry season) we
experienced three days of consistent rain. In August we experienced no rain and higher diurnal
temperatures. Rain in the dry season could potentially be considered a discrete disturbance event
that could dramatically alter microbial community composition within the phyllosphere
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(Karakoc, 2017), but with no other sampling points in the season, it is unknown how
precipitation affected community composition.
Additionally, some ecoregions were sampled more thoroughly than others. The TransPecos was the most thoroughly sampled and had the most species, but other ecoregions such as
the Gulf Coast only typically contained 2-3 Opuntia species which were difficult to locate at
times. It is also important to note that many species are limited to specific ecoregions, meaning
there will be variation across ecoregions regardless of consistencies within sampling methods.
Future work will include multiple sampling sites, repeat and new locations, and more
seasonal sampling points. Notwithstanding, the data here provides a first look into the bacterial
microbiome of widespread CAM plants and how that microbiome changes over space and time.
Conclusion
This study was intended to serve as an overview of the cactus phyllosphere microbiome
composition and how it is influenced by ecoregion, host taxonomy, and time of sampling. There
has been little research on the microbiomes of CAM plants and even fewer studies on the
phyllosphere. Past research on plant phyllosphere microbiomes in cacti have shown that there is
little effect of host or ecoregion on phyllosphere microbial composition, but results from this
study suggest otherwise (Citlali et al., 2018; Coleman-Derr et al., 2016; Fonseca-García et al.,
2016). Each sampling variable (ecoregion and species) had a significant effect on Opuntia
phyllosphere bacterial assemblages. Timepoint and the associated season also appeared to affect
phyllosphere bacterial assemblages, although the dataset did not contain enough timepoints to
represent seasons. Each of these sampling variables, however, is intertwined with each other.
Within each sampling timepoint there were significant differences between bacterial assemblages
by ecoregions and species. Opuntia species’ bacterial assemblages were dependent on timepoint
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and less so by ecoregion. Additionally, there was support for rarer bacterial taxa forming
associations with O. engelmannii varieties, which may be considered part of a “core”
microbiome.
The presence of a core microbiome could be applied as an identification tool when
traditional sampling is unavailable or insufficient. Especially in the case of protected plant or
animal species where tissue samples cannot be collected and other methods are insufficient for
discerning similar species (scat, visual ID, tracks), a unique core microbiome signature may be
an additional non-invasive identification method. This study also determined that the ecoregion
where an organism lives may play a part in determining microbial community composition in the
microbiome. Especially for animals that move between regions, ecoregions, and territories,
microbiome research may be useful in determining the habitat origin of the individual or species
in question. However, the use of microbiomes as a non-invasive identification tool would be
unavailable to researchers until the baseline microbiome of the target species and similar species
have been identified.
This study has supported the hypothesis that microbiome compositions in the
phyllosphere depend on the host and environment, which in turn supports the notion of a
holobiont (Bordenstein, 2015; Vandenkoornhuyse, 2015). Additional research on the function of
microorganisms and the subsequent interactions between the host and the associated
microorganisms of the microbiome could add critical insight to the life history of many species
beyond that of arid-dwelling plants. However, focusing on the microbiome of arid-dwelling
plants may provide future directions for technology that assists plants in surviving arid
environments (Busby, 2017). This could be especially critical as the world is rapidly undergoing
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a desertification process (Huang, et al., 2011; United Nations Environment Management Group,
2011).
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APPENDIX A
MANN-WHITNEY U TEST RESULTS
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Figure 4.1

Mann-Whitney U test across ecoregion pairs for both timepoints
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Figure 4.2

Mann-Whitney U test values across all Opuntia species within all sampled timepoints and ecoregions

Mann-Whitney U values of all Opuntia species with O. aciculata as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. azurea as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. azurea var. parva as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. camanchica as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. dulcis as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. ellisiana as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. engelmannii var. engelmanni as reference
87

Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. engelmannii var. lindheimeri as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. ficus-indica as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. .mackensenii var. mackensenii as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. macrocentra as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. macrorhiza as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. phaecantha as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. rufida as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia samples with O. spinosibacca as reference
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Figure 4.2 (continued)
Mann-Whitney U values of all Opuntia species with O. stricta as reference
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Figure 4.3

Mann-Whitney U values between ecoregions within March
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Figure 4.4

Mann-Whitney U values between all species in March
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Figure 4.5

Mann-Whitney U values for all Opuntia species in ecoregions sampled in August
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Figure 4.6

Mann-Whitney U values between O. engelmannii var. lindheimeri in each sampled
ecoregion
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APPENDIX B
PERMANOVA RESULTS
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The following file is a link to all PERMANOVA results. Sheet one is results of analyses
that incorporated all samples. Sheet two consists of results from samples from both seasons.
Sheet three and four consists of results from August and March samples, respectively. Sheet five
consists of results using only O. engelmannii var. lindheimeri samples. Sheet six consists of
results using only O. engelmannii var. engelmannii samples. The link is compatible with all
major browsers.
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